Solar ultraviolet B (UVB) acts as both an initiator and promoter in models of multistage skin carcinogenesis. We found that, whereas UVB induces apoptosis in human papillomavirus-16 E6/7-immortalized keratinocytes, it inhibits markers of differentiation in human foreskin keratinocytes (HFK). Potential mechanisms for this differential response were examined by DNA microarray, which revealed that UVB alters the expression of three of the four human inhibitor of differentiation/DNA binding (Id) proteins that comprise a class of helix-loop-helix family of transcription factors involved in proliferation, differentiation, apoptosis, and carcinogenesis. These results were verified by RT-PCR and immunoblot analysis of control and UVB-irradiated primary and immortalized keratinocytes. Whereas Id1 was downregulated in both cell types, Id2 expression was upregulated in primary HFK, but not immortalized cells. In contrast, Id3 expression was significantly increased only in immortalized cells. The differential expression pattern of Id2 in response to UVB was recapitulated in reporter constructs containing the 5 0 regulatory regions of this gene. Id2 promoter activity increased in response to UVB in HFK, but not in immortalized cells. To identify the regulatory elements in the Id2 promoter that mediate transcriptional activation by UVB in HFK, promoter deletion/mutation analysis was performed. Deletion analysis revealed that transactivation involves a 166 bp region immediately upstream to the Id2 transcriptional start site and is independent of c-Myc. The consensus E twenty-six (ETS) binding site at -120 appears to mediate UVB transcriptional activation of Id2 because point mutations at this site completely abrogated this response. Chromatin immunoprecipitation and electrophoretic mobility-shift assays verified that the Id2 promoter interacts with known Id2 promoter (ETS) binding factors Erg1/2 and Fli1, but not with c-Myc; and this interaction is enhanced after UVB exposure. Similar to the effects of UVB exposure, ectopic expression of Id2 protein in primary HFK resulted in inhibition of differentiation, as shown by decreased levels of the terminal differentiation marker keratin K1 and inhibition of involucrin crosslinking. Reduction of Id2 expression by small interfering RNAs attenuated the UVB-induced inhibition of differentiation in these cells. These results suggest that UVB-induced inhibition of differentiation of primary HFK is at least, in part, due to the upregulation of Id2, and that upregulation of Id2 by UVB might predispose keratinocytes to carcinogenesis by preventing their normal differentiation program.
Introduction
The incidences of human skin cancers are on the rise and are now the most common of all human malignancies (Stratton, 2001; Cleaver and Crowley, 2002) . Solar ultraviolet (UV) radiation has been shown to be the major etiological factor leading to the precancerous stage of actinic keratosis (AK) and to induction and progression of skin cancers (Armstrong and Kricker, 2001 ). Others and we have shown that ultraviolet B (UVB) irradiation induces apoptosis and altered differentiation in primary human keratinocytes; this may be potential mechanism for tumor promotion, which allows the preferential clonal expansion of initiated cells (Jonason et al., 1996; Karen et al., 1999; Mammone et al., 2000; Simbulan-Rosenthal et al., 2002) . Differentiation is altered in skin carcinogenesis since squamous cell carcinomas (SCC) in UV-induced mice show altered markers of differentiation and proliferation compared to normal cells (Rundhaug et al., 2005) . Disseminated superficial actinic porokeratosis (DSAP)-derived keratinocytes also exhibit inherent defects in the terminal differentiation program (D'Errico et al., 2004) . Similarly, cell cycling, differentiation, and apoptosis are altered in basal cell carcinomas (BCCs), which have been correlated with mutations in Patched (PTCH) protein in the Hedgehog pathway (Brellier et al., 2004) . Point mutations in the p53 gene from SCCs and BCCs, and the PTCH gene from BCC of xeroderma pigmentosum (XP) patients have been attributed to solar UV radiation (de Gruijl et al., 2001) .
Whereas low UVB doses (50-200 J/m 2 ) induce apoptosis, UVB doses greater than 200 J/m 2 inhibit terminal differentiation in human HaCaT keratinocytes, as indicated by decreased levels of keratinocyte differentiation markers, including involucrin, keratin K1, and keratin K10 (Mammone et al., 2000) . Consistent with results using monolayer cell cultures, UVB exposure of human skin grafted on to nude mice showed altered or delayed expression of differentiation markers involucrin, keratin K10, loricrin, keratinocyte transglutaminase, filaggrin, and induced the formation of abnormal horny layers. The basal cell-specific keratin K14 was increased, while hyperproliferative keratins K6, K16, K17, and K19 were induced, along with an increase in the epidermal proliferation rate (Del Bino et al., 2004) . Similar results were obtained after UVB exposure of a model of human skin reconstructed in vitro. Induction of early UVB-DNA damage such as pyrimidine dimers, sunburn cells, and apoptotic keratinocytes was noted at 500 J/m 2 . Subsequent changes included epidermal disorganization, parakeratotic epidermis characterized by nucleated horny layers, as well as the downregulation of major markers of keratinocyte differentiation including keratin K10, loricrin, filaggrin, and type I transglutaminase (Bernerd and Asselineau, 1997) . Thus, in both cell culture and in models of human skin, UVB exposure induces apoptosis as well as the inhibition of keratinocyte differentiation.
Besides UV irradiation, human papillomavirus (HPV) has also been shown to be a risk factor for skin cancers. A variety of HPV types have been identified in BCC and SCC in immunosuppressed patients (Shamanin et al., 1996) , as well as in AK and SCC in those with the inherited disorder epidermodysplasia verruciformis (EV) (Bouwes Bavinck et al., 2000) . HPV is also involved in BCC and SCC from immunocompetent non-EV patients as well (Shamanin et al., 1996; zur Hausen, 1996) . In most cases of nongenital HPV skin cancer, carcinomas occur in sun-exposed sites, indicating cooperation between UV and HPV. UV and HPV thus likely play roles in the early immortalization stage of carcinogenesis. While HPV-16 is implicated in anogenital cancer, between 16 and 25% of nongenital Bowen's disease of the skull, foot, and periungual regions of the finger is associated with HPV-16 (Guerin-Reverchon et al., 1990; Kettler et al., 1990) . These sites are potential targets of solar radiation, and the latter lesion represents a significant fraction of all skin cancer cases (Eliezri et al., 1990) .
We earlier examined the effects of the E6/7 oncoproteins of malignancy-associated HPV-16 and additional early immortalizing events on the UVB response of primary human foreskin keratinocytes (HFK). We transduced HFK with a retroviral vector expressing HPV16 E6/7, or with the empty vector alone (LXSN), and compared the UVB-induced response of HFK and HPV16-immortalized cells (p27 E6/7-HFK). Whereas immortalized HFK were induced into caspase-9-mediated apoptosis, primary HFK (LXSN) were more resistant (Simbulan-Rosenthal et al., 2002) . We subsequently determined that UVB exposure was not killing the primary HFK, but rather inducing a differential response, inhibition of differentiation. Consistent with our results, primary keratinocytes, when irradiated with a single dose of 400 J/m 2 or with multiple low UVB doses (200 J/m 2 ), showed greater resistance to caspase-9-mediated apoptosis than SCC cells (SCC12B2) (Dazard et al., 2003) . Microarray analysis of these UVB-exposed cells exhibited a protective response in primary keratinocytes as shown by upregulation of antiapoptotic genes Bcl2, AP15L1, IER3, and TNFAIP3, as well as downregulation of the differentiation genes filaggrin and transglutaminase 3 (Dazard et al., 2003) . Similar microarray studies indicate that primary keratinocytes respond to a single low UVB dose by suppressing processes related to transcription, differentiation, and transport (Takao et al., 2002) .
To examine potential mechanisms and which genes might be responsible for the differential UVB response of primary and HPV16 immortalized keratinocytes, we performed microarray analysis of the control and UVBexposed primary (LXSN) and immortalized HFK. The data reveal significant differences in a number of genes involved in cellular structure/adhesion, DNA repair, transcription, differentiation, and apoptosis. Interestingly, three of the four known inhibitor of differentiation/DNA binding (Id) proteins (Id1, Id2, and Id3) exhibit significant changes following exposure to UVB. Id4 is not expressed in either primary or immortalized keratinocytes (Ohtani et al., 2001) . Consistent with our results, Id2 has also been shown to be upregulated in primary keratinocytes after exposure to UVB (Dazard et al., 2003) .
These four small Id proteins (149, 134, 119 , and 161 aa residues) comprise one of five classes of helix-loophelix (HLH) family of transcription factors involved in proliferation, differentiation, apoptosis, and carcinogenesis (Atchley and Fitch, 1997) . The HLH motif allows for dimerization of different HLH family members (Murre et al., 1989a) . The five HLH classes are divided according to their structure, expression patterns, and ability to form dimers with other HLH classes. Class V proteins, which include the four Id proteins, form inactive heterodimers with most class I (E2A gene products) and some class II proteins (MyoD, myogenin, Myf5, Myf6) . Class I-IV bHLH proteins all contain a basic DNA-binding domain at the N-terminus and bind a consensus DNA sequence, CANNTG (E-box) (Murre et al., 1989b) , found in regulatory regions of many genes involved in growth, differentiation, and apoptosis. In contrast, the Id proteins contain no basic region, and appear to act as dominant-negative inhibitors of class I and class II proteins. Id proteins exert their effects primarily by binding class I proteins, preventing their interaction with class II proteins, thereby blocking the activation of tissue and differentiation-specific genes (Norton, 2000) . However, some class I and class II proteins can themselves act as transcriptional repressors, and therefore Id proteins can be either activators or inhibitors of E-box-containing genes. Id2, for example, relieves the repression of the p75 NGFR gene by preventing the bHLH transcriptional repressor HEB from binding the E-box in the promoter (Chiaramello et al., 1995) .
In addition to the role of Id proteins in sequestering class I bHLH transcription factors, Id proteins interact with other proteins as well. Id2 specifically binds to the hypophosphorylated forms of the Rb family of proteins, including Rb, p107, and p130 (Iavarone et al., 1994; Lasorella et al., 1996) . As Id2 levels increase, Rb is eventually sequestered by Id2, DNA synthesis is promoted, and excess Id2 is free to interact with other proteins, including the class I bHLH factors (Lasorella et al., 1996) . Ids also bind to E twenty-six (ETS) family proteins, including Ets2 (Ohtani et al., 2001) , and Id2 has also been shown to homodimerize (Liu et al., 2000) . The roles of Ids have been well studied in B-cell, T-cell, pancreatic, nerve, and muscle differentiation. The skeletal muscle bHLH factors MyoD, Myf5, myogenin, and Myf6 regulate each step of myogenesis by forming heterodimers with E12/E47 (Murre et al., 1989b; Brennan and Olson, 1990; Chakraborty et al., 1991a, b; French et al., 1991; Lassar et al., 1991) . Similarly, the differentiation of hematopoietic cells (Hsu et al., 1991) , presomitic mesoderm (Quertermous et al., 1994) , and neural tissue (Akazawa et al., 1992; Brown and Baer, 1994 ) also depends on the interaction of E12/ E47 with cell type-specific bHLH factors. However, little is known about their role in keratinocyte differentiation, although Id1 has been shown to exert potent effects on senescence in keratinocytes. Recent studies have shown that Id1 and Id3 delay or block senescence, as a result of the suppression of the p16/Ink4a promoter (Alani et al., 1999; Nickoloff et al., 2000) . Lower levels of p16 relieve the inhibition of cyclin D/cdk4/6, allowing Rb to be phosphorylated, and progression from G1 to S.
In the current paper, the events related to UVBinduced modulation of Id2 expression in primary and HPV16 E6/7-immortalized HFK were assessed. The upstream regulation of Id genes has been studied in mouse and in humans primarily in response to mitogenic and differentiation signals, such as serum stimulation (Barone et al., 1994) and vitamin D treatment (Kawaguchi et al., 1992; Ezura et al., 1997) , respectively. Regulation appears to be primarily at the level of transcription and all of the responses of the Id1, Id2, and Id3 genes appears to be contained within a 3 kb DNA segment 5 0 to the transcriptional start site. Deletion analysis as well as electrophoretic mobilityshift assay (EMSA) and DAPA and chromatin crosslinking has revealed smaller consensus DNA sequences, which bind a number of other transcription factors. The Id promoters themselves contain E-boxes, and the Id2 promoter binds to and is responsive to Myc family proteins, and can regulate cell division induced by cMyc and N-Myc (Lasorella et al., 2000) . In the present paper, we demonstrate for the first time a striking upregulation of Id2 by UVB in primary, but not immortalized keratinocytes. Since Id2 is differentially induced by UVB only in primary HFK, we examined the downstream effects of Id2 in these cells. Ectopic expression of Id2 inhibited differentiation in primary HFK, partially recapitulating the effects of UVB on these cells. Id2 thus may have transient effects on HFK that mimic those of UVB, and many of the UVB effects (apoptosis, differentiation, and tumorigenesis) on keratinocytes may be mediated by Id2.
Results
UVB-induced changes in expression of genes of the Id family in primary HFK, and HPV16 E6/7-immortalized (p27) keratinocytes Compared to primary HFK, immortalized (>p27) E6/7-expressing keratinocytes were exquisitely sensitive to UVB-induced apoptosis (Simbulan-Rosenthal et al., 2002) . We subsequently determined that UVB exposure was not killing the primary HFK, but rather inducing a differential response, inhibition of differentiation. To examine which genes might be responsible for this differential response, the transcriptional profiles of HFK and immortalized E6/7 p27 cells before and 4 h after 480 J/m 2 UVB irradiation were examined by oligonucleotide microarray hybridization analysis as described in Materials and methods. Of 16 000 human genes monitored, 205 differentially expressed genes (0.63-0.68%) were identified (Table 1) , which were primarily involved in cellular structure/adhesion, DNA repair, transcription, differentiation, and apoptosis.
DNA microarray analysis revealed that UVB strikingly alters the expression of three of the four human Id genes (Id1, Id2, and Id3; Table 1 ). Furthermore, the three Id genes were differentially regulated by UVB in primary versus immortalized keratinocytes. Id1 has been shown to induce immortalization or extend the lifespan of keratinocytes (Alani et al., 1999; Nickoloff et al., 2000) . Whereas DNA microarray analysis revealed a downregulation of Id1 expression by 3.2-to 4.7-fold in both cell types in response to UVB, expression of Id2 protein was dramatically upregulated by 10-fold in primary HFK, but not in immortalized cells (Table 1) . On the other hand, expression of Id3 was upregulated by fivefold in the immortalized cells. Consistent with these results, a marked decrease in transcript levels of Id1 in all three cell types, as shown by RT-PCR analysis (Figure 1a) , correlates with decreased abundance of Id1 protein in these cells (Figure 1b) . The upregulation of Id2 in primary HFK, but not in immortalized cells, as well as the increased expression of Id3 in immortalized cells were likewise confirmed by RT-PCR analysis (Figure 1a ), and were also apparent at the protein level after immunoblot analysis (Figure 1b) . In response to UVB, Id1 protein levels decreased to barely detectable levels in both primary and immortalized cells, while Id2 protein increased markedly in primary HFK and Id3 protein expression was significantly upregulated in immortalized E6/7-HFK. There were no differences in mRNA or protein levels of GAPDH, as normalization or loading control, in both cell types before or after Figure 1c ).
Id2 promoter analysis in UVB-exposed HFK and immortalized E6/7-HFK
Given that Id2 expression in response to UVB was differentially regulated in normal HFK and immortalized E6/7-HFK, we next investigated whether a 5 0 promoter of Id2 can recapitulate the differential response to UVB in these cell types. A -834 Id2-CAT fusion construct with the 5 0 region of the Id2 gene cloned upstream of the CAT reporter gene was transiently cotransfected together with a CMV-luciferase construct into either primary or immortalized HFK, and then induced with UVB. CAT assays were performed 16 and 24 h after UVB exposure, as a measure of Id2 promoter activity, and normalized against transfection efficiencies by luciferase activity and total protein. The Id2 promoter activity was strongly upregulated in response to UVB in primary HFK; the increase was maximal (sevenfold higher than basal levels) 24 h after 480 J/m 2 UVB ( Figure 2 ). In contrast, Id2 promoter activity in immortalized HFK did not exhibit any significant increase after UVB exposure. Thus, the UVB-induced cell-type-specific expression pattern of Id2 mRNA and protein as determined by reverse transcription-polymerase chain reaction (RT-PCR) and immunoblot analysis ( Figure 1 ) is reproduced by that of the Id2 promoter ( Figure 2 ). These results indicate that UVB either directly or indirectly upregulates Id2 expression at the level of transcription in primary HFK, but not in immortalized keratinocytes.
We next identified the regulatory elements in the Id2 promoter that may mediate transcriptional activation by UVB in primary HFK. Consensus ETS binding sequences (especially for Fli1) in the Id2 promoter have been identified at positions -2633, À120 and -60, where þ 1 represents the transcription start site; E-box c-Myc binding sites were identified at positions À1880 and À1570 (Nishimori et al., 2002; Figure 3a ). To clarify the Id2-del 980, Id2-1329, Id2-850, Id2-204, Id2-166, Id2-120, Id2-100, and Id2-60) inserted upstream of a luciferase reporter gene, together with a pSV 2 CAT internal control vector. Id2 promoter activity was measured by luciferase assays 24 h after UVB irradiation (480 J/m 2 ), and normalized against transfection efficiencies by CAT activity. The Id2-60, Id2-100, and Id2-120 reporter constructs (encompassing -60 to þ 35, -120 to þ 35, and -100 to þ 35, respectively), containing the ETS box at -60 but lacking the ETS box at -120, conferred no significant luciferase activity with or without UVB exposure (Figure 3) . Deletion of the ETS binding site at -120 markedly reduced the UVmediated activation noted with reporter constructs Id2-166, Id2-204, and Id2-1329 in primary HFK. Consistent with previous studies (Nishimori et al., 2002) , the region between -1329 and -2755 appears to act as a repressive element for Id2 transcription in primary HFK since inclusion of this region in Id2-del980 and Id2-2755 decreased UVB-mediated activation. UVB also activated the reporter construct Id2-1329, which lacks the cMyc binding sites at -1880 and -1570 and the ETS binding site at -2633. These results together suggest that UVB-mediated transcriptional activation of Id2 in primary HFK involves the minimal Id2 promoter encompassing the two ETS binding sites at -60 and -120, requires the ETS box at -120, and is independent of c-Myc.
Mutation analysis of the ETS binding site at -120 in UVB-exposed primary HFK Deletion analysis showed that UVB-mediated transcriptional activation of Id2 in primary HFK requires the ETS box at -120, and is independent of c-Myc. To clarify the requirement for this ETS binding site in the UVB-mediated activation of the Id2 promoter, we next investigated whether point mutations introduced in this site can abolish this UVB response. Two point mutations A-115T and G-113C were introduced in the ETS box (-120) in reporter constructs Id2-166, Id2-204, and Id2-2755 by site-directed mutagenesis. Primary HFK were cotransfected with Id2-166, Id2-204, Id2-2755, and their corresponding mutant constructs Id2-166mut, Id2-204mut, and Id2-2755mut, together with a , and cell extracts were derived after either 16 or 24 h, analysed for CAT activity, and normalized for protein concentration (mg) and luciferase activity. A representative experiment is shown; essentially the same results were obtained in three independent experiments: Bars indicate means7s.d.
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CM Simbulan-Rosenthal et al pSV2CAT internal control vector. Id2 promoter activity was measured by luciferase assays 24 h after UVB irradiation (480 J/m 2 ), and normalized by CAT activity. As expected, site-directed mutagenesis of the ETS binding site at -120, even in the full-length Id2-2755 construct, largely abolished the UV-mediated activation of the Id2 promoter in primary HFK; thus, indicating that this UVB response in primary HFK requires the ETS binding site at -120 (Figure 4) . Id2, Fli1, and Erg1/2, but not c-Myc, selectively bind the Id2 promoter in primary HFK Chromatin immunoprecipitation (ChIP) assays were performed to determine whether the ETS binding proteins Fli1 or Erg1/2 or E-box-binding protein c-Myc bind the Id2 promoter in vivo, providing a mechanism to facilitate Id2 transcription. After formaldehyde crosslinking and sonication of lysates from untreated or UVB-exposed primary HFK (Figure 5 ), protein-DNA complexes were immunoprecipitated with antibodies to Fli1, Erg1/2, c-Myc, or control IgG, and IP chromatin was subjected to PCR amplification using primers specific for the Id2 promoter fragment. Antibodies to Fli1 and Erg1/2 were able to precipitate the Id2 promoter, indicating the binding of these proteins to this element. In addition, the binding of Erg1/2 and Fli-1 to the Id2 promoter element increased significantly after UVB exposure. A strong signal was also detected after Id2 ChIP, suggesting that Id2 interacts with its own promoter, although this interaction may be indirect (data not shown). In contrast, no amplified product was detected with control IgG, verifying antibody specificity. Consistent with these results, when cell extracts derived from primary HFK prior to or 24 h after UVB irradiation (480 J/m 2 ) were subjected to immunoblot analysis with antibodies to Id2, Erg1/2, or GAPDH, an increase in both Id2 as well as Erg1/2 protein was observed following UVB irradiation of primary keratinocytes. No Id2 promoter sequences were amplified from c-Myc ChIP, suggesting that c-Myc does not bind to the Id2 promoter under these conditions. These results are in agreement with the promoter reporter assays showing that UVB-mediatedtranscriptional activation of Id2 is independent of c-Myc . Primary keratinocytes were cotransfected with each of the Id2 promoter reporter constructs together with a pSV2-CAT control plasmid, and exposed to 480 J/m 2 UVB. Cells were harvested 24 h after UVB exposure, followed by measurement of luciferase activity, normalized with CAT activity from the internal control plasmid in the same cell extracts. These experiments were performed in triplicates and repeated at least three times; the bars indicate means 7s.d.
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Fli1 binds the Id2 promoter in primary HFK in response to UVB ETS genes encode eucaryotic transcription factors that share a conserved DNA-binding domain (ETS domain), which recognizes and binds to the purine-rich ETS binding site. The Ets family, which includes Erg and Fli1, holds a key role in regulating cellular proliferation and differentiation during embryonic development and in adults, and upon binding to the ETS recognition sequence, triggers transcription of several target genes including transcription factor genes, immune response genes, growth factors or their receptors (Sharrocks et al., 1997) . To investigate whether ETS box binding proteins Erg and/or Fli1 bind to the ETS consensus sequence in vitro in response to UVB exposure, we performed EMSA assays with a biotin labeled 66-bp oligonucleotide probe containing the ETS consensus binding sequence. Primary HFK were exposed to UVB (480 J/m 2 ) and nuclear extracts were derived 4 h after UVB exposure. Nuclear extracts were first incubated with or without antibodies to Erg1/2 or Fli1, followed by incubation with the DNA probe in the presence or Id-2 is upregulated by UVB in primary keratinocytes CM Simbulan-Rosenthal et al absence of excess nonbiotinylated probe. The DNAprotein complexes were then analysed by electrophoresis, followed by transfer to nylon membranes, and detection of biotin-labeled DNA by chemiluminescence ( Figure 6 ). While complexes of nuclear proteins from unexposed control HFK and the DNA probe were detected as a major shifted band (lane 2), a second larger protein-DNA complex was noted in extracts from UVB-exposed cells (lane 5). Competition with excess nonbiotinylated control probe completely abolished the DNA-protein interaction, verifying the specificity of the interaction (lanes 6, 8, and 10). Whereas incubation of the extracts from unexposed control HFK with antibodies to Erg and Fli1 did not supershift the DNAprotein complexes (lanes 3 and 4), extracts from UVBexposed cells preincubated with anti-Fli1 exhibited a supershifted antibody-protein-DNA complex (lane 9). These results indicate that Fli1 specifically binds the Id2 promoter in primary HFK in response to UVB.
Id2 overexpression has no effect on apoptosis, but inhibits differentiation markers in primary HFK (Figure 7a , inset). Visualization of GFP in transfected cells by fluorescence microscopy indicated a transfection efficiency of approximately B50%, essentially the same as transfection efficiencies with Id2 and the pCMSEGFP vector; these values were confirmed by FACS analysis (data not shown). Cells were exposed to 480 J/ m 2 UVB 24 h after transfection. Phosphatidylserine, exposed on the surface of apoptotic cells, was detected by binding to Annexin V 24 h after UVB exposure by subjecting untreated and UVB-exposed cells to AnnexinV-PE and 7-actinomycin D (7AAD) staining, followed by FACS analysis. Although UVB exposure induced an increase in the number of apoptotic cells, overexpression of Id2 did not induce an apoptotic response in primary HFK (Figure 7a ).
To further clarify the role of Id2 in the UVB response of primary HFK, we next determined the effect of increased expression of the Id2 protein on differentiation markers in primary HFK. Immunoblot analysis with antibodies specific to the differentiation markers keratin HK1 and involucrin revealed that Id2 overexpression in primary HFK inhibits HK1 expression and cross-linking of involucrin (Figure 7b ). UVB exposure of primary HFK, which upregulates Id2 Figure 5 ChIP assay detects increased binding of ETS binding proteins Fli1 and Erg1/2 to the Id2 promoter after UVB irradiation of primary HFK. (a) ChIP assay of a genomic fragment containing the Id2 promoter was performed on primary HFK that were untreated (lanes 1-5) or harvested 4 h after UVB exposure (lanes 6-10). After precipitation of the protein-DNA complexes with antibodies to Fli1 (lanes 5 and 9), Erg1/2 (lanes 4 and 8), c-Myc (lanes 3 and 7), or a control IgG (lanes 2 and 6), PCR amplification of the Id2 fragment was performed using Id2 promoter primers. A positive signal is noted with anti-Erg1/2 and anti-Fli1, but not with anti-c-Myc or control IgG. Lanes 1 and 10, input refers to the DNA from untreated or UVB-exposed HFK. (b) Cell extracts derived from primary HFK prior to or 24 h after UVB irradiation (480 J/m 2 ) were subjected to immunoblot analysis with antibodies to Id2, Erg1/2, or GAPDH. Positions of the immunoreactive proteins and the molecular size standards (in kilodaltons) are indicated Figure 6 Specific binding of Fli1 to the Id2 promoter in primary HFK in response to UVB. Nuclear extracts from unirradiated HFK (lanes 1-4) ) or UVB-exposed HFK (4 h, 480 J/m 2 , lanes 5-10) were subjected to gel supershift assays with antibodies to Erg or Fli1 and a biotin-labeled 66-bp oligonucleotide probe containing the ETS consensus binding sequence. Control EMSA was performed with excess nonbiotinylated control probe (lanes 6, 8, and 10) to confirm specificity of DNA binding. Lane 1, probe alone; lanes 2 and 5, probe with extract; lanes 3 and 7, probe with extract and anti-Erg; lanes 4 and 9, probe with extract and antiFli1; lane 6, probe with extract and excess control probe; lane 8, probe with extract, anti-Erg, and excess control probe; lane 10, probe with extract, anti-Fli1, and excess control probe Id-2 is upregulated by UVB in primary keratinocytes CM Simbulan-Rosenthal et al expression, also induced a similar decrease in the abundance of HK1 as well as in involucrin crosslinking (Figure 7c ). Thus, similar to the effects of UVB exposure, the ectopic expression of Id2 protein in primary HFK results in inhibition of differentiation, as shown by decreased abundance of the terminal differentiation marker keratin K1 and involucrin crosslinking. These results indicate that effects of UVB can be mimicked by overexpression of Id2 and might be mediated by upregulation of Id2 by UVB in primary HFK.
Reduction of Id2 protein expression by siRNAs attenuates UVB-induced inhibition of differentiation in primary HFK
In order to further clarify the potential roles of Id2 protein in mediating the UVB response of human keratinocytes, we utilized small interfering RNA (siRNAs) targeting Id2 to reduce the expression of this Id protein in primary HFK after UVB exposure. Since different siRNAs targeting the same gene can vary in efficiency, three siRNAs against the open reading frame of Id2 mRNA were designed and tested in primary HFK for their effects on Id2 protein expression.
To examine the effects of Id2 siRNA on the UVBinduced inhibition of differentiation in primary HFK, cell extracts were derived 24 h after 480 J/m 2 UVB exposure and immunoblot analysis with antibodies to Id2 and differentiation markers was performed. Compared with a scrambled control siRNA, transfection with Id2 siRNA resulted in significant downregulation of Id2 expression; intracellular Id2 protein concentrations were reduced to B5% of the levels in scrambled siRNA-transfected cells (Figure 7d, top) . Similar to untransfected cells (Figure 7c ), UVB irradiation of scrambled siRNA-transfected HFK resulted in decreased levels of HK1. Transfection with Id2 siRNA abrogated this response and maintained higher HK1 levels. siRNA targeting Id2 reduces Id2 protein, which may attenuate UVB-induced inhibition of differentiation in primary HFK (Figure 7d ), thus suggesting that this UVB response of these cells may at least in part be mediated by the Id2.
Discussion
In the present study, we demonstrated that the expression of Id1, Id2, and Id3 is differentially regulated by UVB in primary and HPV-immortalized HFK. While Id1 is downregulated in both cell types, Id2 is induced in primary human keratinocytes, and Id3 is induced in HPV-16 E6/7-immortalized keratinocytes. Since Id2 proteins have been shown to play important roles in differentiation, apoptosis, and tumorigenesis in a variety of other cell types, we further examined the regulation and effects of Id2 in primary and immortalized HFK. We showed that the preferential induction of Id2 by UVB in primary HFK versus immortalized HFK could be reproduced in promoter constructs. Furthermore, deletion analysis indicated that the UVB-inducible Figure 7 Overexpression of Id2 and UVB irradiation both inhibit differentiation markers HK1 and involucrin crosslinking in primary HFK; reduction of Id2 expression by siRNAs attenuates this response. (a) HFK were transfected with Id2-EGFP, or the empty vector pCMS-EGFP (vector); cell lysates were subjected to immunoblot analysis with antibodies to Id2 24 h after transfection, and membranes were reprobed with antibodies to GAPDH for loading control (inset). HFK were exposed to UVB (480 J/m 2 ) 24 h after transfection, and assayed for GFP, Annexin V-PE and 7AAD staining by FACS analysis 24 h after UVB exposure. Percentages of GFP-expressing cells that are positive for Annexin V-PE staining (apoptotic) are shown and presented as means7s.d. of three replicates of a representative experiment; essentially the same results were obtained in three independent experiments. (b) HFK were transfected with Id2-EGFP or empty vector as in (a); 24 h after transfection, cell lysates were subjected to immunoblot analysis with antibodies to the differentiation markers keratin HK1 and involucrin (upper panels) or to Id2 or GAPDH (loading control). (c) Cell extracts derived from primary or immortalized HFK prior to or 24 h after UVB irradiation (480 J/m 2 ) were subjected to immunoblot analysis with antibodies to HK1, involucrin, Id2, or GAPDH. (d) Primary HFK were transfected with siRNAs against the open reading frame of Id2 or with a scrambled siRNA control vector (scramb). Cells were exposed to 480 J/m 2 UVB 48 h after transfection; cell extracts were derived and subjected to immunoblot analysis with antibodies to Id2 (top), HK1 (middle), or GAPDH (bottom). Positions of the immunoreactive proteins and the molecular size standards (in kilodaltons) are indicated Id-2 is upregulated by UVB in primary keratinocytes CM Simbulan-Rosenthal et al region was localized to the 166 bp proximal promoter, containing consensus-binding sequences for the ETS transcription factors Fli1 and Erg1/2. Id2 was also found to interact with its own proximal promoter. Since Id2 lacks a DBD, we believe that this interaction is indirect, perhaps through one of the ETS proteins, as Ets has been shown to bind directly to Id2 in a complex with the telomerase promoter (Xiao et al., 2003) . Using point mutation analysis, the regulatory region was further localized to an ETS box consensus sequence located 120 bp upstream of the transcriptional start site. The increased binding of the ETS factors Fli1 and Erg in response to UVB were confirmed by (1) loss of UVB-induced activity of the À120 bp ETS mutant in the À166, À204, and even the À2755 promoter constructs; (2) EMSA analysis demonstrating the specific complexes in the À120 bp region that were supershifted by anti-Erg and anti-Fli antibodies; and ( (Table 1) . These results are consistent with those of other investigators who found that Id2 functions in a Myc-independent pathway in the epidermis (Murphy et al., 2004) .
Primary keratinocytes differ from E6/7 immortalized keratinocytes in that both Rb and p53 pathways are perturbed in the latter, but a direct role for either of these pathways in the induction of the Id2 promoter has not yet been described. The reason for the selective induction of Id2 in primary keratinocytes is thus unclear. Mutation, EMSA, and ChIP analyses demonstrated the importance of Erg1/2 and Fli1 binding to the Id2 minimal promoter in primary keratinocytes. We did not observe an upregulation of Fli1 or Erg1/2 in the microarray, although an increase in Erg1/2 protein was observed following UVB irradiation of primary keratinocytes by immunoblot analysis ( Figure 5 ). Whether UVB-induced levels or posttranslational modifications of Erg1/2 and Fli1 proteins lead to upregulation of Id2 remains to be determined. Some modifications known to affect ETS transcription factor activity include phosphorylation, glycosylation, sumoylation, acetylation and ubiquitination (for a review, see Tootle and Rebay, 2005) . Erg1/2 has been shown to be a substrate for PKC, but the effect of this phosphorylation was undetermined (Murakami et al., 1993) . However, many of the other ETS family members are phosphorylated by MAPK, JUNK, PKC, or CAMKII, and these and other transcription factors can alter the activities of Erg1/2 and Fli1 by forming complexes with different activities. For example, Fli1 has been shown to heterodimerize with ETS-member Tel to form an inactive complex (Kwiatkowski et al., 1998) , while the subcellular localization and activity of the latter is in turn determined by phosphorylation via MAPK (Maki et al., 2004) .
The cause of the selective upregulation of Id-3 in immortalized keratinocytes is similarly unknown. A previous functional analysis of the mouse Id3 promoter showed that only 180 bp upstream was sufficient for its activity in proliferating C2C12 cells (Yeh and Lim, 2000) . We have also observed cell cycle alterations in immortalized cells compared to primary keratinocytes following UVB exposure (Simbulan-Rosenthal et al., 2002) . Whether Id3 is a cause or effect of these cell cycle alterations remains to be determined, although we have noted that ectopic expression of Id3 induces an apoptotic response in immortalized keratinocytes (Simbulan-Rosenthal et al., manuscript in preparation). Yeh and Lim, (2000) utilized the TRANSFAC program (Wingender et al., 2000) for sequence comparison between 200 nucleotides immediately upstream of the human and mouse Id3 promoters and noted conserved putative transcription factor binding sites including an ATF site. In our study, we found that ATF3, a stressinducible transcription factor that can act as a transcriptional activator or repressor depending on its splice form (Chen et al., 1994) , is only upregulated in immortalized keratinocytes, while transcriptional repressor ATF4 is upregulated in both cell types (Table 1) . Most other transcription factors were downregulated by UVB, including Smad3, which is downregulated only in immortalized keratinocytes suggesting changes in TGFb signaling following UVB exposure. It was previously shown that TGFb-activated Smad3 directly induced ATF3 expression; ATF3 and Smad3 then formed a complex that directly mediated repression of Id1 and possibly Id2 and Id3 as well, in human epithelial cells (Kang et al., 2003) . In contrast, Kee et al. (2001) showed that TGFb rapidly induced transient Id3 mRNA and protein expression in mouse B-lymphocyte precursors, via activation of the Smad pathway. We performed a recent TESS/TRANS-FAC 4.0 (Wingender, 2004) homology search utilizing the -200 bp promoter region of Id3 and found a partial consensus sequence for Erg1/2 but not for Fli1, thus suggesting a more important role for Fli1 in the selective induction of Id2 but not Id3 in primary keratinocytes. Studies to determine which of these or other putative binding sites and transcription factors may be involved in the regulation of the Id3 gene are in progress.
The most important etiologic agent for skin cancer is UV. While UVC (o280 nm) is filtered by the ozone layer of the earth's atmosphere, UVB (280-320 nm) and UVA (320-400 nm) penetrate to the surface and cause skin cancer through a series of cellular changes that are not all identified. However, it is clear that in addition to genetic alterations, inappropriate or altered growth, differentiation, and/or apoptotic responses play key roles in this process. Consistent with other studies, we found that both UVB and Id2 inhibit keratinocyte differentiation ( Figure 7) ; our demonstration that Id2 siRNA can partially block the UVB inhibition of differentiation suggests that UVB acts in part via an Id2-dependent pathway in primary HFK. Overexpression of Id1 has also been shown to result in either immortalization (Alani et al., 1999) or extended lifespan (Nickoloff et al., 2000) specifically in keratinocytes, while overexpression of Id2 increased lifespan and suppressed differentiation (Alani et al., 1999) .
Carcinogenesis is a multistep process during which key genes are up-or down-regulated during tumor progression. The type and number of genes involved in human nonmelanoma skin cancer (NMSC) are still unclear (Tsai and Tsao, 2004) . The p53, Rb, and Ras pathways are important in BCC, SCC as well as in melanoma. While a study with Id2-knockout mice did not demonstrate a role for Id2 in Myc-mediated skin carcinogenesis (Murphy et al., 2004; although curiously, Hacker et al. (2003) found that Id2-deficient mice lacked epidermis-specific Langerhans cells), we speculate that it may in fact play a role in the early stages of UVB carcinogenesis. Id2 knockout studies clearly support a role for Id2 in the Rb pathway since in Id2/Rb double knockouts, there is a compensation of RbÀ/À defects in neurogenesis and hematopoiesis, as well as a temporary rescue of RbÀ/À embryonic lethality (Lasorella et al., 2000) . The direct role of Rb in turn has been studied in skin tumorigenesis in which RbÀ/À mice displayed hyperplasia, hyperkeratosis, and altered differentiation in the skin (Ruiz et al., 2004) .
With the caveat that alterations of Id genes have not as yet been identified in primary human tumors to currently validate them as true cellular proto-oncogenes, Id proteins have been implicated in regulating a variety of cellular processes that regulate tumorigenesis, including growth, senescence, differentiation, apoptosis, and angiogenesis (for a review, see Sikder et al., 2003) . In particular, Id2 has been frequently found increased in human neoplasias, including that of Ewing's sarcoma (Nishimori et al., 2002; Fukuma et al., 2003) , colorectal cancer (Wilson et al., 2001) , astrocytic tumors (Vandeputte et al., 2002) , pancreatic cancer (Kleeff et al., 1998; Maruyama et al., 1999) , testicular seminomas (Sablitzky et al., 1998) , and squamous cell cancer (Langlands et al., 2000) . With respect to Id2 in SCC, while not shown to be mutated, Id2 expression has been shown to be upregulated during tumor development and progression in the epidermis (Langlands et al., 2000) . The authors found that Id2 staining was nuclear in normal epidermal tissue sections, and the basal layer appeared to show the greatest levels of expression, with downregulation as cells transited to the stratum corneum. Id2 mRNA was also found to be downregulated during differentiation in cultured keratinocytes. In contrast to normal skin, strong Id2 protein immunoreactivity was observed in the majority of malignant keratinocytes in SCC. The increase in proliferative lifespan of keratinocytes induced by ectopic Id2 also supports a role for Id2 in the early stages of cutaneous carcinogenesis (Alani et al., 1999) . The notion that Id2 may play a role in the early stages of radiation carcinogenesis in the epidermis is also supported by a recent study (Baghdoyan et al., 2005) in which the authors found that Id2 was upregulated in keratinocytes by ionizing radiation, and played roles both in inducing proliferation and increasing radioresistance.
Chronic inhibition of differentiation might force cells into increased proliferation beyond their normal capacity, thus increasing the probability of further mutations, including those involving p53, Rb, and hTERT pathways. UV induces specific p53 mutations in both SCC and BCC (Tornaletti et al., 1993; Wikonkal and Brash, 1999) as well as in normal sun-exposed skin (Ling et al., 2001) . Immortalization of primary cells is an important step in carcinogenesis. Unlike most other cell types, keratinocytes require the inactivation of the p16/ Rb pathway to achieve immortalization (Kiyono et al., 1998; Dickson et al., 2000) . Similar to other cell types, keratinocytes appear for the most part to require the stable expression of the catalytic subunit of telomerase (hTERT), although immortalization of keratinocytes has also been shown to occur in the absence of telomerase, via an alternative pathway of telomere maintenance (ALT) (Opitz et al., 2001) . Other groups have also reported alternate mechanisms of maintaining telomere length in other cell types (Perrem et al., 1999; Reddel et al., 2001; Rizki and Lundblad, 2001; Henson et al., 2002) . HPV E6 upregulates the gene and promoter of hTERT, at least temporarily (Klingelhutz et al., 1996; Veldman et al., 2001) , while E7 inactivates Rb. However, additional genetic changes are required for immortalization. These other genes may be related to the stable expression of hTERT (Steenbergen et al., 2001) , since loss of a region of chromosome 6 derepresses telomerase expression in HPV-immortalized cells. Nonrandom allelic losses at 3p, 11p, and 13q have also been observed during HPV-mediated immortalization (Steenbergen et al., 1998) , while evidence for loss of a senescence locus within the chromosomal region 10p14-p15 has been shown in HFK-expressing HPV 16 E6/7 genes (Poignee et al., 2001) . We have also observed the amplification of chromosome 20q in HFK immortalized by HPV E6/7 (data to be published elsewhere).
Thus UVB, via Id2, may inactivate the Rb pathway in the short-term promotion phase of carcinogenesis until genetic or epigenetic changes (p16-Ink4a gene mutation or methylation; Brown et al., 2004) or cooperation with HPV (E7-mediated inactivation of Rb) lead to the stable inactivation of this pathway. This theme is very similar to that found in keratinocytes expressing HPV-16 or -18 E6 which, in addition to inactivating p53, also upregulates the hTERT promoter (Klingelhutz et al., 1996; Veldman et al., 2001) , prior to the stable upregulation of hTERT due to stable genetic changes, including losses of suppressors on other chromosomes (Steenbergen et al., 1998; Poignee et al., 2001) .
In summary, we have demonstrated that UVB preferentially induces Id2 in primary HFK, but not in immortalized HFK. Thus, upregulation of Id2 by UVB might predispose primary keratinocytes to carcinogenesis by preventing their normal differentiation program, rendering them susceptible to carcinogenesis and may therefore represent an important therapeutic target for intervention.
Materials and methods

Cells, plasmids, and transfection
Primary human keratinocytes (HFK) were derived from neonatal foreskins and grown in KSF medium supplemented with human recombinant EGF and bovine pituitary extract (Gibco BRL). Primary HFK were infected with an amphotropic LXSN (Clontech) retrovirus expressing the HPV-16 E6, and E7 genes. Retrovirus-infected cells were selected in G418 (100 mg/ ml) for 10 days, and G418-resistant colonies were pooled from each transduction and passaged every 3-4 days. Cells were transiently transfected at high density with human Id2, or with Id2 promoter reporter constructs, using Lipofectamine 2000 (Life Tech) according to the manufacturer's protocols.
For overexpression of the Id2 protein, expression vectors were constructed under the control of a CMV promoter by inserting the full-length coding regions of Id2 cDNA into pCMSEGFP (Clontech) at the XhoI and XbaI sites. Correct insertion of the Id2 cDNA in the pCMSEGFP vector was confirmed by digestion with Xho1 and Xba1 (to yield 500 or 800 bp fragments corresponding to Id2 and Id3 cDNA, respectively), as well as by DNA sequencing. For promoter activity assays, the Id2 reporter gene plasmid (pId-CAT), containing the 5 0 flanking region corresponding to À834 to þ 30 in front of the CAT reporter in pId was utilized (Kurabayashi et al., 1995) . To test the regulatory elements of the Id2 promoter that mediate transcriptional activation, a 2.7 kb Id2 promoter fragment containing three ETS-binding sequences and two E-box sequences with c-Myc binding sites (Id2-2755), along with a series of deletion constructs inserted upstream of the luciferase reporter gene in pGL3 basic vector (Id2-del960, Id2-1329, Id2-166, Id2-100, and Id2-60) were used in reporter assays (Nishimori et al., 2002) . For more precise localization of the regulatory elements involved in the UVBinducible response, additional deletion constructs were made, including Id2-120, Id2-204, and Id2-850 and subsequently used in reporter assays together with the other constructs.
Mutagenesis
For mutation analysis, point mutations were introduced in the ETS box (-120) of Id2-166, Id2-204 and Id2-2755; (Nishimori et al., 2002 ) using a site-directed mutagenesis kit (Stratagene). Template-specific mutagenic primers (-127) 5 0 -GCCCACCA ATGGTACCGCCCGCTCGTCT-3 0 (forward) (-100) and 5 0 -AGACGAGCGGGCGGTACCATTGGTGGGC-3 0 (reverse) were utilized to introduce two point mutations A-115 T and G-113C at the ETS box, creating an artificial KpnI site. The presence of the point mutations in the promoter constructs (Id2-166mut, Id2-204mut, and Id2-2755mut) was confirmed by restriction digest and sequencing.
UVB irradiation
Primary and HPV-16 E6/7-immortalized HFK were grown under identical conditions to 70-80% confluency, trypsinized before UVB exposure, and replated at equal cell densities. Cells were allowed to recover and were irradiated with indicated doses with ultraviolet light, using a UVB source with a peak wavelength of 312 nm FS40 sunlamp (Philips) with a Kodacel cutoff filter (Kodak, France) to eliminate UV wavelengths shorter than 290 nm. At indicated time points after UVB irradiation, cells were harvested for further analyses.
Oligonucleotide microarray hybridization
Human keratinocytes were grown under identical conditions to B60% confluency and irradiated as described above. Total RNA was then isolated from the control and UVB-irradiated cells 4 h after UVB exposure and subjected to reverse transcription. The resulting cDNA was subjected to in vitro transcription in the presence of biotinylated nucleoside triphosphates. Biotinylated cRNAs were hybridized to Hu16 K oligonucleotide arrays (Affymetrix, Santa Clara, CA, USA), which contain probes for 16 000 known human genes and expressed sequence tags (ESTs). According to stringent criteria, only those differences in RNA abundance between the control and UVB-treated cells that were reproducible in independent replicates and represented a change of 2.5-fold or greater were considered further.
Reverse transcription-polymerase chain reaction
Unique oligonucleotide primer pairs for Id1, Id2, Id3, and GAPDH mRNA were designed and prepared. Total RNA, purified from cell pellets with Trizol Reagent (Gibco BRL), was subjected to RT-PCR with a Perkin Elmer Gene Amp EZ rTth RNA PCR kit. The reaction mix (50 ml) contained 300 mM each of dGTP, dATP, dTTP, and dCTP, 0.45 mM of each primer, 1 mg of total RNA, and rTth DNA polymerase (5 U). RNA was transcribed at 651C for 40 min, and DNA was amplified by an initial incubation at 951C for 2 min, followed by 30 cycles of 951C for 1 min, 601C for 1.5 min, and 651C for 0.5 min, and a final extension at 701C for 22 min. The PCR products were then separated by electrophoresis in 1.5% agarose gel and visualized by ethidium bromide staining.
Immunoblot analysis
SDS-PAGE and transfer of separated proteins to nitrocellulose membranes were performed according to standard procedures. Membranes were stained with Ponceau S (0.1%) to verify equal loading and transfer of proteins. They were then incubated with antibodies specific to Id1, Id2, Id3, human keratin HK1 (1 : 500; BabCo), involucrin (1 : 200; Sigma), Erg1/2 (1 : 200; Santa Cruz Biotech), or to GAPDH for loading control (1 : 1000; Abcam). Immune complexes were detected by incubation with appropriate horseradish peroxidase-conjugated antibodies to mouse or rabbit IgG (1 : 3000) and enhanced chemiluminescence (Pierce).
Id2 promoter activity assays
For CAT assays, HFK or p27 E6/7-HFK were transiently cotransfected with the pId-CAT reporter gene together with a CMV-luciferase construct, and then induced with UVB. At 24 h after UVB exposure, cell extracts were derived and assayed for chloramphenicol acetyl transferase (CAT) activity by incubating equal volumes of cell extracts and [3H]-acetylCoA and chloramphenicol, followed by liquid scintillation spectroscopy. CAT activity was normalized by mg protein in the assays, as well as luciferase activity in the same cell extracts, as monitored with a luciferase assay kit (Promega). The Id2 promoter reporter constructs used subsequently included nine fragments containing parts of the 5 0 flanking regions of the Id2 gene subcloned upstream of a luciferase reporter gene in pGL3-basic vector. HFK or immortalized E6/ 7-HFK were cotransfected with Id2-2755, or with a series of deletion constructs Id2-del980, Id2-1329, Id2-850, Id2-204, Id2-166, Id2-120, Id2-100, and Id2-60 in pGL3 , together with a pSV2-CAT control plasmid, and then exposed to UVB. Cells were harvested 24 h after UVB exposure, followed by measurement of luciferase activity as well as CAT activity using a luciferase reporter assay system (Promega). Luciferase activity from the pGL3 reporter constructs was normalized with CAT activity from the internal control plasmid in the same cell extracts.
ChIP assays
At 4 h after UVB exposure, cells were fixed in 1% formaldehyde, neutralized with glycine, washed, lysed in 1% SDS lysis buffer with protease inhibitors, and then sonicated to generate DNA fragments, as previously described (Veldman et al., 2003) . After centrifugation, the supernatant was incubated with antibodies to Id2, Fli1, Erg1/2, or c-Myc (5 mg, Santa Cruz Biotech), or a control IgG. Immune complexes were then precipitated, washed extensively, eluted, and the DNA-protein crosslinks were reversed by heating at 651C overnight. After extraction and purification of DNA from the samples, 5 ml of each sample was used as template for PCR amplification of the Id2 promoter region, using the primers: 5 0 -TCTAAGGTGTG TAGGGCTTGG-3 0 (forward); 5 0 -TGCTGAGCTAGCTGCG CTT-3' (reverse).
Electrophoretic mobility-shift assay
Nuclear extracts were obtained from cells according to standard protocols, using the NE-PER nuclear and cytoplasmic extraction reagent (Pierce). EMSA analysis was performed at RT using the Lightshift Chemiluminescent EMSA kit (Pierce) according to the manufacturer's specifications. Biotinylated oligonucleotide probes containing the ETS consensus binding sequences were designed, purchased from Invitrogen, and used in EMSA assays. Cell extracts (10 mg of protein) were preincubated with excess poly(dI:dC) (1 mg) in DNA binding buffer (Pierce), 2.5% glycerol, 5 mM MgCl2, 0.05% NP40, in the presence or absence of appropriate antibodies (1 mg; antiErg1/2, anti-Fli1) for 20 min. The binding reactions (20 ml) were then incubated for 5 min with excess nonbiotinylated probes (4 pmol/ reaction; for competition assays) and an additional 20 min with biotinylated probes (40 fmol/binding reaction). The DNA-protein complexes were then analysed by electrophoresis on native 5% polyacrylamide gels in Trisborate-EDTA buffer, followed by electrophoretic transfer of binding reactions to nylon membranes at 380 mA for 30 min, UV crosslinking of the DNA to the membrane, and detection of biotin-labeled DNA by chemiluminescence.
Flow cytometry and apoptosis assays
For apoptosis assays, floating and attached cells were harvested at indicated times after UV exposure, and stained with Annexin V-PE (Biovision) and 7-Actinomycin D (7AAD; Sigma) according to the manufacturer's specifications. Flow cytometric analysis on cells gated for GFP-positive fluorescence was then performed on a Becton-Dickinson FACStar Plus flow cytometer equipped with a 100 mW air-cooled argon laser.
siRNA construction and transfection siRNA was synthesized according to protocols for the Silencer siRNA Construction Kit (Ambion Inc.). The following sequences for Id2 were used for the sense and antisense templates, respectively: Primary keratinocytes were transfected for 4 h with the synthesized Id2 siRNA or a scrambled control siRNA (140 mg/ 10 cm plate) using oligofectamine (Invitrogen). Cells were then incubated for 48 h, cells were then derived and subjected to immunoblot analysis with antibodies to differentiation markers.
Abbreviations
Id, inhibitor of differentiation/DNA binding; HFK, human foreskin keratinocytes; UVB, ultraviolet B; HPV, human papillomavirus.
